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   Abstract 

 The human kallikrein-related peptidase 6 ( KLK6 ) gene belongs 
to the 15-member kallikrein ( KLK ) gene family mapping to 
chromosome 19q13.3 – 13.4. Encoding for an enzyme with 
trypsin-like properties,  KLK6  can degrade components of the 
extracellular matrix. The successful utilisation of another  KLK  
member (KLK3/PSA) for prostate cancer diagnosis has led 
many to evaluate  KLK6  as a potential biomarker for other can-
cer and diseased states. The observed dysregulated expression in 
cancers, neurodegenerative diseases and skin conditions has led 
to the discovery that  KLK6  participates in other cellular path-
ways including infl ammation, receptor activation and regulation 
of apoptosis. Moreover, the improvements in high-throughput 
genomics have not only enabled the identifi cation of sequence 
polymorphisms, but of transcript variants, whose functional sig-
nifi cances have yet to be realised. This comprehensive review 
will summarise the current fi ndings of KLK6 pathophysiology 
and discuss its potential as a viable biomarker.  

   Keywords:    biomarker;   cancer;   genomic instability;   neurode-
generative disease;   serine protease;   single nucleotide poly-
morphism (SNP);   variant transcript.     

  Introduction 

 The past decade has seen an unprecedented explosion of bio-
informatic data due to technical advances in high-throughput 

surveys of normal and diseased genomes, transcriptomes, 
proteomes and metabolomes. However, few, if any, biomark-
ers have made their way to the clinic. Meanwhile, some FDA-
approved biomarkers are not used in standard clinical practice 
and labelled as  “ analyte-specifi c reagents (ASRs) ” , recom-
mended for research purposes only  (1) . Multiple biomarkers 
for disease diagnosis and personalised therapy are the way of 
the future, but many still hope to fi nd simple biomarkers that 
rival the likes of prostate specifi c antigen ( PSA ) for prostate 
cancer  (2) .  PSA , also known as kallikrein 3 ( KLK3 ), belongs 
to a unique family of 15 tissue kallikrein and kallikrein-related 
peptidase genes ( KLK s)  (3 – 5) . Following the identifi cation 
of all human  KLK  family members in the late 1990s  (6, 7) , 
many investigators, including our group, have actively pur-
sued the potential for other  KLK  family members as putative 
biomarkers  (3, 4) . The highly restrictive expression of  KLK3/
PSA  and  KLK2  to the prostate is unmatched to any other  KLK  
member. However, a number of  KLK  genes and proteins have 
shown promise in enhancing prognostic and predictive medi-
cine, among them  KLK6 . In this review, we will summarise 
new fi ndings regarding this  KLK  family member and discuss 
its pattern of expression in normal and diseased tissues; the 
mechanisms regulating its expression; recent developments 
in its physiological functions, and implications for diagnos-
tics, personalised medicine and therapeutics.  

  The kallikrein gene family: overview 

 There are currently several excellent and comprehen-
sive reviews on the kallikrein ( KLK ) gene family  (3 – 5, 
8, 9)  and the highlights are briefl y summarised here. The 
 KLK s, which include the tissue kallikrein gene ( KLK1 ) and 
kallikrein-related peptidase genes ( KLK2-KLK15 ), encode 
for secreated serine proteases with trypsin- or chy-
motrypsin-like activities  (6, 10) . In normal physiology, the 
 KLK  genes are expressed in various tissues  (11)  and are 
involved in proteolytic cascades  (12 – 16) . The KLK pro-
teins also cleave a number of substrates including matrix 
metalloproteases (MMPs), insulin-like growth factor bind-
ing proteins (IGF2BPs), latent transforming growth factor 
β (TGF β ), fi bronectins and collagens [reviewed by Borgono 
and Diamandis  (3) ]. More recently, the  KLK s have also 
been implicated in tumourigenic events  (17, 18)  and pos-
tulated to play a role in the pathogenesis of Alzheimer ’ s 
disease (AD)  (19, 20) . It is apparent, therefore, that  KLK s 
play diverse roles in physiology and pathobiology. 
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212  Bayani and Diamandis: KLK6 in normal physiology and disease

 The 15 protein-encoding gene members share common 
features, including the presence of fi ve coding exons, and 
the position of the start and stop codons  (6, 7) . Variability 
between the members exists in the number of 5′   untranslated 
exons  (6, 7) . In addition, to maintaining similar exon sizes, 
the catalytic triad (His, Asp and Ser) is conserved  (5, 21) . 
Each gene encodes a single-chain prepro-enzyme, which is 
subsequently processed to an enzymatically inactive proKLK. 
The proKLK is secreted after removal of the amino-terminal 
signal peptide and later activated into its mature peptidase by 
the proteolytic cleavage of the amino-terminal propeptide  (5) . 
The entire family maps to an approximately 300 kb region 
at chromosome 19q13.3 – 13.4  (6, 7)  (Figure  1  ) in humans. 
In addition, to the 15 protein-encoding members, there is at 
least one KLK pseudogene located between KLKs 2 and 4 
 (23, 24) , though recent studies predict that there may be up to 
four in this region, under stages of sequence divergence  (25) . 
One of the most distinguishing characteristics of the human 
 KLK  gene family is the fact that all members localise to the 
same chromosomal region in a contiguous manner, unlike 
other trypsin and trypsin-like proteases, whose gene-fam-
ily members map to other genomic loci  (22, 26) . Recently, 
an in-depth evolutionary study of the  KLK  gene family by 
Pavolpoulou et al.  (22)  shed new light as to the timing of gene-
duplicating events, showing the recurrent theme of in situ 
duplication across various phyla. Previous studies suggested 
the emergence of the  KLK  genes to approximately 150 mil-
lion years ago (mya), however the addition of reptilian, avian 
and amphibian genomes now implicate the emergence of the 
 KLK  genes to an amazing 330 mya  (22) . Utilizing sequence, 
protein and tyrpsin core homologies, several groups  (7, 9, 22)  
have confi rmed the overall relatedness between  KLK1 ,  KLK2  
and  KLK3 ;  KLK4  and  KLK5 ;  KLK6 ,  KLK13  and  KLK14 ; 
 KLK9  and  KLK11 ; and between  KLK10  and  KLK12 , which 
are summarised in Figure  1 . Interestingly, both  KLK2  and 
 KLK3  are the only gene members which are transcribed in the 
opposite direction to the rest of the locus  (9, 27) . This sug-
gests that they arose later in  KLK  evolution  (22) , likely as a 

selective force favouring these  KLK  for roles in reproductive 
physiology  (28) . 

 KLK expression can be generally described as restrictive 
 (3, 4, 9, 27) , with a distinct group of members showing tissue-
restrictive expression; while another group shows a relatively 
broader pattern of expression  (7, 11) . In the human  KLK  
cluster, a specifi c preponderance for prostate-specifi c expres-
sion is seen among  KLK15 ,  KLK3  ( PSA ),  KLK2  and  KLK4  
 (9, 11, 27) . Varying and co-ordinate expression of the other 
 KLK  members has been documented in the normal tissues of 
the pancreas, lung, heart, central nervous system; as well as 
endocrine-regulated tissues, such as the thyroid and breast 
 (11) . These patterns of expression are recapitulated in the 
neoplastic and disease states of these tissues, where numerous 
studies have reported the observed over-expression of KLKs 
 (3, 19, 27, 29) . 

 Diverse mechanisms infl uencing gene or protein expression 
have been investigated including copy-number  (30 – 32)  and 
methylation  (33 – 38) . However, the vast majority of work has 
shown the infl uence of hormones on KLK expression  (3, 39 –
 42) . Hormone response elements (HRSs), showing sensitivity 
to androgens, have been identifi ed in the proximal promoter 
and enhancer regions of  KLK2  and  KLK3   (43) . Interestingly, 
only the classical  KLK s ( KLK1 ,  KLK2  and  KLK3 ) possess 
defi ned TATA boxes within their promoter sequences, with 
the others possessing TATA-like sequences  (9, 17, 44, 45) . 
It is still unknown whether a locus control region (LCR) or 
defi ned promoter elements are the primary means of regu-
lating transcription  (3, 22, 46) . However, elegant studies by 
Kroon et al.  (46) , utilizing transgenic mice expressing rat 
KLK genes, demonstrated in this model system, that gene 
expression was directed by transcriptional enhancers rather 
than a LCR. The advent of high-throughput sequencing has 
also enabled the identifi cation of single nucleotide polymor-
phisms (SNPs) for each family member  (47) . Several studies 
are now investigating the signifi cance of such variations in 
the context of disease  (48 – 55) . Post-transcriptionally, micro-
RNAs (mRNAs)  (56, 57)  have been shown to be important 

 Figure 1    The human kallikrein locus at chromosome 19q13.3/q13.4. 
 Shown is the organisation and relative phylogenetic relationship of the human  KLK  locus, the transcriptional orientations and relative relationship 
(not drawn to scale) of the KLK gene family members based on the studies by Harvey et al.  (7) , Pavlopoulou et al.  (22) , and Yousef et al.  (9) .    
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players in the regulation of protein synthesis  (58 – 65) . Post-
translationally, activated KLK proteins are controlled by 
endogenous inhibitors, primarily  α 2-macroglobulin ( α 2M) 
and serpins; and may also lose activity through internal cleav-
age  (3) . Amazingly, despite the similarities between the fam-
ily members, they are suffi ciently unique to encompass the 
gamut of normal and abnormal biological processes.  

  Kallikrein 6: historical perspectives and genetics 

 Kallikrein 6 ( KLK6 ), the HUGO Gene Nomenclature 
Committee (HGNC) Database  –  approved name and symbol, 
has previously been identifi ed by a number of aliases, includ-
ing  PRSS9 ,  Bssp ,  Neurosin ,  serine protease 9 ,  Protease M , 
 serine protease 19 ,  PRSS18 ,  SP59  and  ZYME  ( http://www.
genenames.org/index.html ). Although the classical  KLKs  
( KLK1 ,  2  and  3 ) were already known,  KLK6  was the fi rst of 
the expanded members to be identifi ed. Originally recognised 
as  Protease M , through a cDNA screen of primary and meta-
static breast cancer cell lines  (66) , KLK6 was shown to be 
down-regulated in some metastatic breast cancer cell lines, 
but shown to possess high transcript levels in primary breast 
and ovarian cancer cell lines as well as primary tumours  (66) . 
A year later, Yamashiro et al.  (67)  cloned the same cDNA from 
the COLO201 human colon adenocarcinoma cell line and 
named it  Neurosin . Shortly thereafter several groups, includ-
ing ours, reported the differential expression of KLK6 in vari-
ous tissues and disease states (described in detail below). 

 With seven exons and six introns,  KLK6  spans approxi-
mately 11.0 kb (NCBI Reference Sequence: NG_011825.1), 
mapping between  KLK5  and  KLK7   (7, 9, 68, 69)  (Figures  1  
and  2  A). The fi rst two exons are untranslated, with the remain-
ing fi ve exons and position of the catalytic triad consistent 
with the other family members. To date, no classical TATA 
boxes or CAAT sequences have been identifi ed for  KLK6   (9) , 
however TATA-like  (17, 44, 45)  and initiator-like sequences 
 (9)  have been found. All splice junctions are conserved 
in  KLK6 , with an AATAAA polyadenylation signal 14 bp 
away from the poly-A tail. Simple repeat elements in addi-
tion to di- and tri-nucleotide repeats occur in the polymorphic 
intronic regions (UCSC Genome Browser: http://genome.
ucsc.edu/) (Figure  2 A). Moreover, no mutations in the cod-
ing exons of  KLK6  have been reported within the Sanger ’ s 
Catalogue of Somatic Mutations in Cancer (COSMIC) ( http://
www.sanger.ac.uk/perl/genetics/CGP/cosmic ), International 
Cancer Genome Consortium ( http://www.icgc.org/ ), nor by 
sequencing of the coding regions of primary cancers and con-
trols  (70) . Sequence and protein comparisons show that  KLK6  
has greatest homology to  KLK13   (9, 22, 68) . Likely evolv-
ing from an ancestral trypsin-like- KLK  gene,  KLK6 , together 
with  KLK14 ,  KLK5 ,  KLK10  and  KLK15 , represents one of the 
earliest  KLKs  to come on scene  (22) . 

 The technical advances in deep sequencing, Copy Number 
Variations (CNVs)  (77)  and Single Nucleotide Polymorphisms 
(SNPs)  (78)  now form the basis for many Genome-Wide 
Association studies (GWAs). Defi ned as common variations 
at a single nucleotide position, where the least common allele 

is present in at least 1 %  of a given population  (79) , SNPs 
occur approximately one in every 150 – 300 bp in the human 
genome  (80 – 82) . To investigate the frequency of SNPs within 
the  KLK  locus, Goard et al.  (47)  surveyed the SNPs across 
the locus using an in-house, custom-designed software tool 
termed  “ ParSNPs ”  and  “ LocusAnnotator ” , which mined 
the National Center for Biotechnology Information (NCBI) 
dbSNP database. As of February 2007, the entire  KLK  locus 
contained 1856 polymorphisms as annotated in dbSNP  (47) . 
Focusing on the functional class annotations and accounting 
for redundancy due to context-dependent functional classes, 
 KLK6  possessed a total of 23 validated polymorphisms, 
increasing the number from 22 previously reported by Yousef 
et al.  (69) . Within the locus analysed by Goard et al.  (47)  and 
Yousef et al.  (69) , currently over 110 SNPs on the positive 
and negative strands spanning the gene have been identifi ed 
by the NCBI (Figure  2 A) and continue to change as more 
genomic sequences become available. Six SNPs (of the posi-
tive strand) have been localised to coding or splice sites and 
include: rs77760094; rs111672933; rs1701950; rs113724718; 
rs61469141; rs111738447 (Table  1  ). Two synonomous SNPs 
are found in exon 6, resulting in no change in the amino 
acid. However, the four remaining SNPs have a missense 
functional class, resulting in an amino acid change, whose 
signifi cance requires investigation. For many of these SNPs 
as well as those detected throughout the gene, validation of 
the frequency has still yet to be determined. 

   KLK6 mRNA  

 KLK6 possesses a number of alternative transcripts encoding 
for the full-length KLK6 protein [reviewed by Kurlender et al. 
 (83)  and Yousef et al.  (69) ], in addition to those predicted to pro-
duce truncated forms ( http://www.ncbi.nlm.nih.gov/genbank/ ) 
(Table  2   and Figure  2 B). The KLK6  “ classical transcript ”  (also 
called Isoform A; NM_002774.3; GenBank Accession U62801) 
was originally detected in a normal mammary myoepithelial 
cell strain  (66) , then from the human colon adenocarcioma 
cell line (COLO 201)  (67)  and later from Alzheimer ’ s disease 
brain tissues  (71) . The longest reported classic transcript cDNA 
clone spans 1526 nucleotides  (66)  and includes the fi ve coding 
exons and two 5 ′  untranslated exons, yielding a predicted 244 
amino acid protein (Figure  2 B and C). 

 RNA expression of KLK6 in normal human tissues has 
been confi rmed  (7, 11, 66 – 69, 71 – 73, 86, 87)  (Figure  2 B), 
with tissues of the central nervous system (CNS) unequivo-
cally showing the highest expression of RNA transcripts, 
followed closely by tissues of the breast, kidney and uterus; 
salivary gland, thymus, spleen, thyroid and testis. Cells of the 
ovary, lung, liver, bone marrow and pituitary show compara-
tively the least amount of KLK6 mRNA. 

 The classical transcript utilises the promoter (P1) located 
in exon 1, while transcriptional variants (AY318867 and 
AY318869) utilise a second promoter (P2) starting in a 20 bp 
region within the fi rst intron of  KLK6   (73) , thus lacking exon 
1 (Figure  2 B). A third promoter (P3) has also been identi-
fi ed in intron 2 and contains no untranslated exons  (72, 73) . 
Variant transcript 1 (AY318869) has a size of 1517 bp, while 
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214  Bayani and Diamandis: KLK6 in normal physiology and disease

 Figure 2    DNA, RNA and protein properties of kallikrein 6. 
 (A) Genomic organisation of KLK6. Shown are the seven exons (I – VII) with untranslated exons shaded in grey and coding exons in green. 
The sizes of each exon and intron are indicated. The distribution of both simple tandem-, di- and trinucleotide repeats are also shown below. 
Relative SNP distribution across the gene is shown, with six exon-coding SNPs described in Table  1  shown here in green and red. Green SNPs 
indicate those identifi ed as missense or synonomous, near splice sites; while red SNPs indicate those located in coding exons. Blue SNPs 
indicate those located in non-coding regions and introns. (B) Organisation of KLK6 RNA transcripts. Shown are a number of identifi ed RNA 
transcripts as described in the text and in Table  2 . The asterisk (*) indicates the transcriptional start site and the downward arrowhead indicates 
the stop site. Predicted untranslated exons are shaded in grey, predicted coding exons are shown in green. (Right) Shown is the relative expres-
sion of KLK6 RNA in normal adult human tissues based on several studies  (7, 11, 16, 66 – 68, 70 – 74) . Human adult brain shows the greatest 
KLK6 transcript expression among all tissues in the human body as compared to ovary, lung and liver which barely shows any expression or 
expression at the level of detection for PCR or northern analysis. (C) Organisation of KLK6 protein. Shown is the amino acid sequence of the 
full-length KLK transcript. Amino acids shaded in blue indicates the signal peptide sequence; green indicates the propeptide sequence; fusia 
indicates the autolysis loop and amino acids coloured in red are those in the catalytic triad. (Lower Left) Summary of other protein features 
including disulphide bonds (red), substrate binding sites (blue) and a glycosylation site (green). The amino acids of the catalytic triad are indi-
cated in triangles. (Lower Right) Shown is the relative expression of KLK6 protein detected in both normal adult and foetal tissues as detected 
by ELISA  (11, 75, 76) . Similar to RNA fi ndings, normal adult brain shows the highest KLK6 protein expression. The majority of tissues show 
low to non-detectable levels when compared to the adult brain. In foetal tissues, stomach shows the greatest expression followed by kidney and 
skin. (Bottom) KLK6-specifi c immunohistochemical analyses of normal ovarian surface epithelium and ovarian carcinoma. Normal ovarian 
surface epithelium shows very low/barely detectable levels of KLK6, in contrast to a representative ovarian cancer showing strong immuno-
reactivity to KLK6 antibodies.    
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 Table 2      Summary of KLK6 RNA transcripts.  

mRNAs Length in bp Aliases Comments Reference/submitted by

Full length
   NM_002774.3 1527 244aa Encodes 244 amino acid protein  (66, 67) 
   U62801 1506 Lacks exon 2  (66) 
   AF013988 1451 Lacks exon 2  (71) 
   D78203 1419 Lacks exon 2  (71) 
   AF149289.1 1506  (68) 
Transcript variants
   AY318867 1517 Variant 1  a  Encodes 244 amino acid protein  (73) 

Lacks exon 1
   AY318869 1503 Variant 2 Encodes 244 amino acid protein  (73) 

Lacks exon 1
   BC015525 1500 Variant 2 Encodes 244 amino acid protein  (84) 

Lacks exon 1
Splice variants
   AY318870    929 Variant 2 Lacks exon 3  (73) 

Lacks exon 3 and 7b
   AY279383 1355 Variant 1 Lacks exon 4  (83)  Kurlender et al. (Unpublished data)b

Encodes 132aa
Lacks exon 3 and 4

   AY318868    820 Variant 3/Variant 1 Lacks exon 1 and 4  (73) 
   AY457039    378 KLK6 variant 4  – Lacks exon 5, 6 and 7b Pampalakis and Sotiropoulou

alternatively spliced (Unpublished data)b

   DQ223012    842 Transcript variant 3 Lacks exon 2  (33) 
alternatively spliced And 7b

Other transcripts and
unpublished synthetic clones
   AK314897    884 Lacks exon 2 and 7b Wakamatsu et al. (Unpublished data)b

   DQ893845    775 Lacks exon 1, 2 and 7b Rolfs et al. (Unpublished data)b

   DQ893548    775 Lacks exon 1, 2 and 7b Rolfs et al. (Unpublished data)b

   AY927548    586  (85) 
   AY891558    735 Hines et al. (Unpublished data)b

   AY888953.1    735 Hines et al. (Unpublished data)b

   BT006852    735 Kalnine et al. (Unpublished data)b

     a  Although named Variant 1, it is not similar to AY279383, while AY318868 is actually the same as AY279383.    bL. Kurlender et al. can be 
accessed at http://www.ncbi.nlm.nih.gov/nuccore/AY279383, A. Wakamatsu et al. at http://www.ncbi.nlm.nih.gov/nuccore/AK314897,  
N. Kalnine et al. at http://www.ncbi.nlm.nih.gov/nucleotide/30582542, G. Pampalakis and G. Sotiropoulou at http://www.ncbi.nlm.nih.gov/
nuccore/AY457039, A. Rolfs et al. at http://www.ncbi.nlm.nih.gov/nuccore/DQ893845; http://www.ncbi.nlm.nih.gov/nuccore/DQ893548 and 
L. Hines et al. at http://www.ncbi.nlm.nih.gov/nuccore/AY891558; http://www.ncbi.nlm.nih.gov/nuccore/AY888953.1.

 Table 1      Single nucleotide polymorphisms (SNPs) identifi ed in 
coding exons of KLK6.  

SNP ID Location Description

rs111738447 Exon 4 Missense
C  →  T
Leu (L)  →  Phe (F)

rs61469141 Exon 5 Missense
C →  T
Arg (R)  →  Trp (W)

rs113724718 Exon 5 Missense
A  → G
Asp (D)  → Gly (G)

rs1701950 Exon 6 Synonomous
G  → C
Leu (L)  →  Leu (L)

rs111672933 Exon 6 Synonomous
T  → C
Cys (C)  →  Cys (C)

rs77760094 Exon 7 Missense
C  → T
Thr (T)  → Met (M)

transcript variant 2 (AY318867) has a size of 1503 bp  (72, 73) . 
In addition to transcriptional variants of the classical form, 
splice variants have also been identifi ed  (73, 83) . Splice vari-
ant 2 (AY318870), at 929 bp, lacks exon 3 which contains the 
classical transcript translational start site (A 246 GT)  (73) . This 
is in contrast to splice variant 3 (AY318868), at 820 bp, which 
lacks exon 4. Such splice variants are predicted to yield a 137 
amino acid and 44 amino acid protein product for splice variant 
2 and 3, respectively; however it has not as yet been determined 
whether these mRNAs are translated. Additional unpublished 
variants by Kurlender et al.  (83) : AY279383 and AY457039; 
Pampalakis and Sotiropoulou (Unpublished data): AY457039; 
Strausberg et al. (Unpublished data): BC015525, Wakamatsu 
et al. (Unpublished data): AK314897 have also been reported. 
Furthermore, in a detailed in silico analysis of the KLK6 tran-
script using 185 expressed sequence tag (EST) clones, Yousef 
et al.  (69)  identifi ed a number of additional splice variants 
derived from the libraries of testicular and ovarian tissues; as 
well as from cell lines from gastric cancers, myeloma, colon 
adenocarcinoma and tumours of the head and neck. However, 
these splice variants need to be confi rmed experimentally. 
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 The ability to generate multiple mRNAs from a given 
gene increases protein diversity and is a refl ection of the 
inherent biological complexities and specifi cities of different 
cell types  (88) . The signifi cance of these KLK6 variant tran-
scripts has yet to be determined  (89) , however it is evident 
that there is the propensity for some tissues to express more 
than one transcript  (69, 83, 72, 73)  (Table  3  ). Pampalakis 
et al.  (73)  reported the presence of transcript heterogene-
ity; with tissues of the CNS overwhelmingly expressing the 
classical transcript over the variants AY318869, AY318867 
and AY279383. In contrast, breast, spleen, uterus and skel-
etal muscle predominantly expressed the variants AY318869 
and AY318867, with either very little or non-detectable lev-
els of the classical transcript. Similar studies by Christophi 
et al.  (72)  and others  (90, 91)  comparing murine and human 
KLK6 transcripts confi rmed the observation of tissue-
specifi c expression of KLK6 variants mediated by alternative 
promoter usage  (88) . 

 The presence of these transcripts still needs to be com-
prehensively investigated in both normal and diseased 
states. However, in keeping with the notion of heterogeneity 
of mRNA transcripts, several breast cancer cell lines have 
shown the concomitant expression of full length transcripts 

(i.e., classic and AY318869/AY318867) with splice variant 
transcripts AY318868 and AY279383  (73) . Additionally, 
primary ovarian carcinomas also exhibit transcript hetero-
geneity  (70) . In transcript-specifi c PCR, ovarian cancers 
were shown to express the classic transcript, alternative 
transcript (AY318869) and, in a small number of cases, 
the splice variant for AY279383. The alternative transcript, 
AY318869, comprised the major species of ovarian cancer-
derived KLK6 mRNA  (70) . With the exception of these 
studies, the majority of expression analyses do not specify 
the KLK6 transcript being detected. Therefore, the signifi -
cance of variant transcripts has not been fully appreciated. 
However, with improvements in RNA sequencing  (92) , the 
full extent of RNA expression and heterogeneity may be 
fully appreciated. 

 Increased KLK6 mRNA expression has been identifi ed in 
ovarian carcinomas  (11, 32, 66, 70, 93 – 96) , breast  (66, 97) , 
uterine  (98) , pancreatic  (99) , colorectal  (75, 100, 101) , gastric 
 (102) , skin  (74)  and urinary bladder cancers  (103) . In contrast 
to various cancers, the decrease of KLK6 mRNA has been 
identifi ed in the brain tissues of patients with Alzheimer ’ s and 
Parkinson ’ s disease (PD)  (20, 104) . The physiological impli-
cations of these fi ndings will be discussed later.   

 Table 3      KLK6 transcript heterogeneity.  

Normal tissue Multiple transcript detection by primer-specifi c PCR

Classic AY318869/
AY318867

AY318868
(lacks Exon 4)

AY279383 AY318870 Reference

Embryonic liver Not detected ° – – –  (73) 
Breast •• •••• •••• – –  (73) 
Spleen • •••• – – –  (73) 

Not detected ••••  (72) 
Skeletal muscle ° • Not detected –  (73) 
Thymus ° •• Not detected – –  (73) 

Not detected  (72) 
Trachea • – –  (73) 
Uterus Not detected •••• – – –  (73) 
Placenta Not detected •• – – –  (73) 
Adrenal gland ° ° Not detected – –  (73) 
Brain •••••• • – – –  (70, 72, 73) 
Spinal cord •••••••• •••••••• •••• – –  (73) 
Prostate – – ° – –  (73) 
Salivary gland – – •••••• – –  (73) 
Ovary Not detected Not detected – – –  (70) 
Kidney Not detected ••• – – –  (72) 
Peripheral nerve Not detected ••• – – –  (72) 
Liver Not detected ° – – –  (72) 
Pancreas Not detected ° – – –  (72) 
Submandibular gland Not detected ° – – –  (72) 
Diseased tissue
   Ovarian carcinoma ° ••••• – ° –  (70) 
   tumours
Cell lines
   76N ••••• – • ° –  (73) 
   21PT ••••• – ••• ••• –  (73) 
   MDA-MB-468 ••••• – •• Not detected –  (73) 

    – I ndicates not tested; ° indicates positivity at barely detectable levels;  •  indicates positivity.   
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  KLK6 protein 

  KLK6  encodes a single-chain enzymatically inactive prepro-
enzyme of 244 amino acids  (66 – 68, 71)  (Figure  2 C). This pre-
pro-enzyme is subsequently processed to an inactive proKLK 
through the removal of the predicted 16 amino acid signal 
peptide [Ala (A)  ↓  Glu (E)] and passed through the endoplas-
mic reticulum. The proKLK is secreated to the extracellular 
space and becomes converted into its activated mature pepti-
dase by the proteolytic cleavage of the fi ve amino acid (Lys 
(K)  ↓  Leu (L)) activation peptide  (68, 105) . The catalytic triad, 
which characterises serine proteases, is conserved in KLK6 
(i.e., His 62 , Asp 106  and Ser 197 )  (68) . Furthermore, the presence 
of Asp at position 191 suggests that KLK6 has trypsin-like 
activity. KLK6 also possesses six disulphide bonds, one gly-
cosylation site (Figure  2 C) and 12 cysteine residues, with 27 
of the 29  “ invariant ”  amino acids near the active site of serine 
proteases also conserved  (68, 105) . 

 The three-dimensional crystal structure for mature, active 
recombinant KLK6 (1LO6), at a resolution of 1.75- Å , was 
fi rst reported by Bernett et al.  (106) ; who also reviewed its 
biochemical properties. Later, the pro-form was further 
detailed by Gomis-R ü th et al.  (107) . Briefl y, with an oblate 
ellipsoid shape of approximately 35 – 50  Å , KLK6 is folded 
into two adjacent six-stranded  β -barrels, interconnected by 
three trans-domain segments  (105 – 107) . Unlike the classi-
cal  KLK s, KLK6 lacks the  “ kallikrein loop ” , a sequence of 
up to 11 amino acids inserted between the sixth and seventh 
 β -sheets  (106, 107) . However, the existing loop is similar in 
structure to trypsin and chymotrypsin. The KLK6 S1 binding 
pocket includes the catalytic triad and also shows structural 
similarity to trypsin, with suffi cient differences in amino acid 
sequence to give KLK6 a higher catalytic effi ciency towards 
substrates with an Arg rather than a Lys residue at the P1 posi-
tion  (105, 106) . Similarly, at the P2 position, KLK6 prefers 
Arg over Lys. However, no strong preference is seen at the P3 
and P4 sites  (105) . The active site cleft centres on the Ser cat-
lytic residue of the triad  (107) . One glycosylation site, located 
relatively far from the active site, has been identifi ed; which 
is in contrast to the other KLKs where the glycosylation site 
is located within the kallikrein loop  (106) . 

 The activation of KLK6 is likely to involve proteinases 
endowed with trypsin-like properties, thus the  KLK s may be 
able to activate themselves or each other  (68, 105) . The acti-
vation of KLK6 by enterokinase, plasmin and KLK5  (108 –
 110)  has been reported, as well as by KLKs 4, 11 and 14  (13, 
108, 109, 111) , urokinase plasminogen activator (uPA)  (110)  
and by glycosaminoglycans and kosmotropic salts  (112) . 
While the reports from recombinant pro-KLK6 studies  (71)  
suggest that KLK6 can undergo autoactivation, this has yet 
to be entirely resolved due to issues raised regarding experi-
mental host protease contamination and whether the observed 
autoactivation is a transient step leading to KLK6 inactivation 
(i.e., negative feedback inhibition vs. positive feedback acti-
vation)  (108) . However, improvements in the production of 
purifi ed pro-KLK6 have helped to better elucidate such mech-
anisms  (108, 113, 114) . Indeed, the study by Bayes et al.  (113)  
addressed this issue through the additional specifi c expression 

of a proKLK6 carrying a mutation in the active site (S197A), 
fi nding that endogenous proteases do not appear to recognise 
and cleave the propeptide. Generally, the majority of in vitro 
studies agree that KLK6 can autoproteolytically cleave at the 
internal Arg 76 -Glu 77  peptide bond  (105, 106, 108) . 

 KLK6 has also recently been shown to be differentially 
glycosylated  (115) . Kuzmanov et al.  (115)  characterised and 
compared the N-glycosylation status of KLK6 in cerebro-
spinal fl uid and KLK6 derived from ovarian cancer ascites. 
Mobility gel shift western analysis coupled to glycosidase 
digestion revealed a difference in molecular weight between 
the two isoforms due to a modifi cation of the ovarian derived 
KLK6 by α2-6-linked sialic acid. Site-directed mutagenesis 
confi rmed the single N-glycosylation site  (106) . 

 Critical to understanding the physiological role of  KLK6  
is discovering its substrates (Table  4  ). Magklara et al.  (114)  
demonstrated the degradation of casein, collagen type I, col-
lagen type IV, fi brinogen as well as synthetic peptides cor-
responding to the N-terminal region of amyloid precursor 
protein (APP) by KLK6; while the chymotrypsin substrate 
AAPF-AMC was not cleaved; again confi rming the lack of 
chymotrypsin-like activity for KLK6  (116) . Furthermore, 
in a comprehensive in vitro study, Yoon et al.  (109)  demon-
strated the ability for KLK6 to activate pro-KLKs 1, 2, 3, 5, 
9 and 11. 

 Due to the successful utilisation of KLK3/PSA for prostate 
cancer diagnostics  (2) , the differential expression of KLK6 
protein has been actively pursued, aided by improvements in 
the production of recombinant proteins and enhancements in 
the specifi city and sensitivity of resultant KLK6 antibodies 
 (32, 121, 76) . KLK6 expression has been assayed in many 
normal tissues and fl uids primarily by enzyme-linked immu-
nosorbent assay (ELISA)  (11, 76)  or immunohistochemistry 
(IHC)  (122)  (Figure  2 C). Development of antibodies and a 
sensitive immunofl uorometric assay by our group facilitated 
a method for quantifying KLK6 proteins in biological fl uids 
including nipple aspirate, breast cyst, cerebral spinal and 
ascites fl uids, in addition to the milk of lactating women  (76) . 
Interrogation of adult and foetal tissues, and various biologi-
cal fl uids by Shaw and Diamandis  (11)  reported that the high-
est expression of KLK6 is found in the cell lysate of adult 
brain and in the CSF by ELISA. Adult spinal cord showed 
the second greatest KLK6 expression, at roughly 50 %  that 
of the brain. All other adult tissues possessed signifi cantly 
lower concentrations ( < 10 %  of the brain). In contrast, foetal 
stomach showed the greatest expression of KLK6 among all 
foetal tissues tested, but still less than 50 %  of the adult brain; 
followed by foetal kidney and skin. Although not tested by 
Shaw and Diamandis, KLK6 has not been detected in fetal 
brain  (90) . 

 By immunohistochemistry, Petraki et al.  (122)  used 
monoclonal and polyclonal antibodies  (71)  against full-
length KLK6, to assess its expression and localisation in 
over 40 different tissue types. Briefl y, tissues of the central 
and peripheral nervous system showed a range of immuno-
reactivity; with intense staining in the peripheral nerves, 
but weak nerve cell staining within the CNS; strong stain-
ing in the epithelium of the choroid plexus; and moderate 
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oesophagus and anus, particularly the neuroendocrine cells; 
and islets of Langerhans in the pancreas. Negative immu-
noreactivity was seen in hepatocytes and acinar cells of the 
exocrine pancreas. Among the other tissues studied, strong 
positivity was seen in the Hassall ’ s corpuscles of the thymus 
and cells of the anterior pituitary; while moderate-to-weak 
expression could be seen among the cells of the respiratory 
tract, adrenal cells and mesenchymal tissues. Others have 
similarly reported the lack or barely detectable levels of 
KLK6 in the normal epithelium of the ovary  (32, 123, 124) , 
low reactivity in the epithelium of the bronchi  (125, 126) , 
moderate expression in glial cells  (126, 127)  and salivary 
glands  (128) . 

 For most normal tissues and biological fl uids analysed, 
there is general concordance between RNA and protein lev-
els. However, due to the issues of transcript heterogeneity, 
it is unclear whether the mRNA detected represents translat-
able protein. As well, IHC analyses has also shown the vari-
able KLK6 expression of specifi c cell types or structures (i.e., 
stroma vs. secretory cells or glandular epithelium) within 
a given organ  (122, 124, 129) , which has implications for 
quantifi cations derived from bulk tissue extracted lysates. At 
the protein level, expression is infl uenced by the presence of 
inhibitors as well as its stability in fl uids. Nevertheless, bulk 
extracted brain tissue and CNS fl uids maintain the highest 
KLK6 mRNA and protein expression in the adult; while most 
other tissues that expressed KLK6 mRNA also showed some 
degree of protein expression. However, the change in KLK6 
protein levels in disease tissues and biological fl uids have 
been identifi ed in ovarian cancers  (30 – 32, 68, 70, 86, 76, 124, 
130 – 136)  (Figure  2 C), renal cancers  (137) , gliomas  (127) , 
lung carcinomas  (125, 126) , salivary gland tumours  (128) , 
pancreatic ductal carcinomas  (99)  and uterine cancers  (98)  
by ELISA and/or IHC. In the case of AD and PD, decreased 
KLK6 has been observed  (20, 138 – 140) ; while skin disorders 
have also reported changes in KLK6 levels  (141, 142) .  

  Regulation of KLK6 expression and activity 

 The biology of an organism relies on the regulation of a gene 
at the DNA, mRNA and protein levels, but also relies on the 
inter-play between these factors and its tissue-specifi c microen-
vironment. A number of genomic features that infl uence KLK6 
expression have been alluded to above and shown in Figure  3   
and include the fi nding that no overt sequence mutations in the 
coding regions of  KLK6  have been found to date that results in 
its aberrant expression. However, the presence of SNPs within 
both coding and non-coding regions of the gene offers the 
possibility for uncovering genotype-phenotype associations as 
more genome sequences become available. 

 In the case of cancers, genomic instability is a frequent 
feature, resulting in gene dosage changes that could affect 
its expression  (143, 144) . Thus, the relationship between 
 KLK6  copy number and transcriptional or protein over-
expression has been investigated. Indeed, copy number 
gains of  KLK6  have been identifi ed in ovarian cancers show-
ing over-expression of  KLK6  mRNA or protein  (30 – 32) . 

expression among Purkinje, stellate and glial cells. Granular 
cells were negative for KLK6 expression. Although not as 
intense in its immunoreactivity as seen in the peripheral 
nerves and choroid plexus, the cytoplasm of the breast and 
enometrial epithelium was moderately positive for KLK6. 
Prostate columnar cells showed strong diffuse staining, in 
contrast to basal cells, which failed to show any immuno-
reactivity. Various tissues in the gastrointestinal tract also 
showed positivity of expression, including the glandular 
epithelium of the large bowel and duct epithelium of the 

 Table 4      Summary of tested substrates for KLK6.  

Reference

Degraded by KLK6
   Pro-KLK1  (109) 
   Pro-KLK2  (109) 
   Pro-KLK3  (109) 
   Pro-KLK5  (109) 
   Pro-KLK6  (108, 113, 114) 
   Pro-KLK9  (109) 
   Pro-KLK11  (109) 
   Plasminogen  (113) 
   Casein  (114) 
   Collagen type I  (114) 
   Collagen type II  (116) 
   Collagen type III  (116) 
   Collagen type IV  (114) 
   Fibrinogen  (114) 
   Amyloid precursor protein (synthetic)  (112, 114) 
   Laminin  (106, 116) 
   Fibronectin  (106, 116) 
   Vitronectin  (116) 
   Protease-activated receptor 2  (117, 118) 
    α -synuclein  (119) 
   Human growth hormone  (87) 
   Desmoglein 1  (120) 
   Myelin basic protein (synthetic)  (112) 
   Ionotropic glutamate receptor (synthetic)  (112) 
   Phe-Ser-Arg-AMC  (114, 116) 
   Val-Pro-Arg-AMC  (114) 
   Asp-Pro-Arg-AMC  (114, 116) 
   Gln-Gly-Arg-AMC  (114) 
   Pro-Phe-Arg-AMC  (114, 116) 
   Val-Pro-Arg-AMC  (114, 116) 
   Val-Leu-Lys-AMC  (114, 116) 
   Glu-Gly-Arg-AMC  (116) 
   Gly-Gly-Arg-AMC  (116) 
Not degraded by KLK6
   AAPF-AMC  (114) 
   Glu-Lys-Lys-AMC  (114, 116) 
   Ala-Ala-Pro-Phe-AMC  (114, 116) 
   Pro-KLK4  (109) 
   Pro-KLK7  (109) 
   Pro-KLK8  (109) 
   Pro-KLK10  (109) 
   Pro-KLK12  (109) 
   Pro-KLK13  (109) 
   Pro-KLK14  (109) 
   Pro-KLK15  (109) 

   AMC, minomethylcoumarin.   
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 Figure 3    Mechanisms of regulation of KLK6 expression. 
 Shown is a summary of the various modes of regulation identifi ed for KLK6 as described in the text.    

To determine whether only  KLK6  is preferentially gained/
amplifi ed, we investigated the copy-number status of  KLKs 
3 ,  4 ,  6  and  13  in a number of breast, prostate and ovarian cell 
lines and ovarian primary tumours using both  KLK -specifi c 
and whole- KLK  locus fl uorescence in situ hybridisation 
(FISH)  (31) . Interestingly, we discovered that all  KLK s 
tested showed the same copy number change within the 
same metaphase spread. Since those  KLK  used in the study 
span the entire locus, it was determined that the entire locus 
was involved in copy-number imbalances, rather than indi-
vidual members. Indeed this appears to be the case based on 
the copy-number data generated by Beroukhim et al.  (145)  
of over 260 cancer cell lines. Thus, whilst copy-number 
likely contributes to over-expression in the case of cancers, 
it is clearly not the only mechanism; as we have also shown 
that ovarian cancers with one or two copies of the locus 
can result in protein over-expression comparable with those 
showing extra copies  (30) . Furthermore, the differential 
KLK6 expression observed in diseases, such as AD, where 
there are no associated changes in gene dosage, implicates 
alternative mechanisms. 

 Due to the extensive work on  KLK3/PSA  and its respon-
siveness to androgens  (146, 147) , the effect by hormones on 
gene expression has also been examined for  KLK6 . Several 
studies have documented the concomitant dose-dependent 
increase in  KLK6  gene by the in vitro exposure of cell lines to 
androgens and oestrogens  (40, 68) . However, others  (70)  have 
shown minimal effects on KLK6 expression upon stimulation. 
Interestingly, signifi cant hormone responses were detected in 
breast cancer cell lines  (40, 68) , while ovarian cancer cell 
lines showed non-signifi cant responses  (70) , suggesting that 
factors, such as cell-type specifi city plays a role in regulation. 
To date, no oestrogen response elements (EREs) have been 
identifi ed within 6 kb upstream of the proximal  KLK6  pro-
moter  (40) , which is consistent with previous observations 
that classical hormone response elements (HREs) have not 

been identifi ed  (9) . This implicates a more sophisticated inte-
gration of mechanisms that probably include the coordinate 
binding of transcription factors or by hormone-dependent 
 trans -activating factors. To further demonstrate the need for 
more studies, a  cis -acting mechanism of regulation has also 
been proposed for  KLK6  and the other non-classical KLK 
gene members  (3, 72)  based on the mechanism in salivary-
gland expression of the rat  Klk  family  (148) . As such, 
Christophi et al.  (72)  examined a region of 500 bp upstream 
from the start site of the human and mouse  KLK6  genes and 
found 10  cis -acting regulatory sequences which were com-
mon to both, and were of interest in terms of infl ammatory 
responses in the CNS. Some of the candidate genes asso-
ciated with these  cis -acting regulatory elements include; 
 v-Myb , Ets-family member  ELF-2  ( NERF1 ), sterol regu-
latory element binding protein 1 and 2, and  ELK-1 . Later, 
similar integrative in silico studies in breast cancer cell lines 
also identifi ed the putative  ELK-1  binding site, in addition to 
an E-box and  AP-1  binding site and several Sp-1 sites  (33) . 
More recently, the in silico comparative analysis of mam-
malian  KLK6  genes  (149)  enabled the identifi cation of addi-
tional putative transcription factor binding sites including 
 HEB ,  E2A ,  PU.1 , hepatocyte nuclear factor 4 ( HNF4 ) and 
liver x receptor ( LXR ). Finally,  KLK6  has also been identifi ed 
as a target for the vitamin D analogue, EB1089, in studies 
where KLK6 expression was induced upon treatment with 
EB1089, in squamous carcinomas  (150) , colon cancer  (151)  
and the T47D breast cancer cell line  (152) . Further exami-
nation of the  KLK6  proximal promoter indicated predicted 
multiple vitamin D response-element consensus sequences 
 (152) . 

 Epigenetic mechanisms have also been extensively exam-
ined by Pampalakis and colleagues  (17, 33, 152) . Sequence 
analysis  (33)  found no CpG islands, defi ned by the param-
eters of a length of more than 200 bp, and with a C + G con-
tent more than 50 %  or with an observed/expected ratio  > 0.6; 
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either upstream or within exon-intron sequences of  KLK6 . 
Experimentally, treatment of breast cancer cell lines with 
5-aza-2′  deoxycytidine (5-aza-dC) resulted in the induction 
of  KLK6  gene and protein expression offering the possibility 
that non-CpG island cytosines are involved in the regulation 
of transcription. Indeed, these fi ndings were confi rmed  (17, 
33, 149) , where specifi c CpG dinucleotides were subjected 
to methylation in breast cancer cell lines, resulting in the loss 
of KLK6 expression. Interestingly, the in silico comparison 
of these CpGs across other mammalian KLK6 orthologues 
showed conservation of these dinucleotides  (149) . Fifteen 
CpG dinucleotides located within the human P1 transcrip-
tional start site of the classic transcript were analysed. In 
breast cancer cell lines lacking KLK6 expression, CpG 
dinucleotides at positions  – 72,  – 64,  – 56,  – 53,  – 35,  + 3 and 
 + 14 were completely methylated. Similarly, those cell lines 
showing KLK6 expression possessed unmethylated CpG 
dinucleotides. To investigate the role of chromatin structure, 
treatment of breast cancer cell lines with a histone deacety-
lase (HDAC) inhibitor, Trichostatin A (TSA) was also able 
to induce KLK6 expression, though not to the level demon-
strated by 5-aza-dC  (33) . Further studies  (17)  implicate the 
formation of transcriptional repression complexes, through 
the recruitment of MeCP2 and the localised deacetylation of 
histone H4 of the  KLK6  proximal promoter. 

 As discussed above,  KLK6  possesses several mRNA 
variants and promoter sites, however the signifi cance and 
frequency of such variants has not been thoroughly investi-
gated; nor has it been determined whether a functional pro-
tein results or what physiological role such isoforms may play 
 (89) . However, the translation of RNA to protein provides 
another level for gene regulation. In recent years, microRNAs 
(miRNAs) have been implicated in contributing to disease and 
malignancies  (153) . miRNAs represent a class of non-coding 
RNAs that range in size from 19 to 25 nucleotides, originally 
described in  Caenorhabditis elegans     (57) . The mechanism 
of regulation is mediated through degrees of complementar-
ity to the target mRNA 3 ′  untranslated region (UTR). Perfect 
complementarity results in the cleavage and degradation of 
the target mRNA; whereas less than perfect pairing represses 
the translation process  (56) . In silico analyses of publicly 
accessible databases show that a number of miRNAs are 
predicted to target KLK6, among them the members of the 
 hsa-let-7  family of miRNAs  (58) . Experimentally, Chow 
et al.  (58)  demonstrated the decrease of KLK6 expression 
upon transient transfection of  hsa-let-7f  to the breast cancer 
cell line MDA-MB-468. Our own preliminary work (Bayani 
et al. unpublished) in primary ovarian carcinomas and cell 
lines shows the differential expression of miRNAs predicted 
to target  KLK6 . KLK6-over-expressing cell lines showed a 
decrease of miRNAs predicted to target the KLK6 3 ′  UTR 
in contrast to KLK6-non-expressing/low expressing cell lines 
which showed relatively higher levels of miRNAs. These pre-
liminary miRNA fi ndings for  KLK6  as well as for other  KLK s 
 (62, 63, 154)  will continue to provide important insight as to 
the fi ne-tuning of protein expression. 

 The infl uences of oncogenic mutations in other genes have 
recently been investigated by Henkhaus et al.  (101) , who 

suggested that the up-regulation of KLK6 mRNA in colorectal 
cancer cell lines are  K-RAS -dependent. Following the stable 
transfection with mutant  K-RAS  into the colon cancer cell line 
Caco 2 , expression microarray analyses detected an 11-fold 
increase in KLK6 expression in the  K-RAS  mutant line over the 
parental line  (155, 156) . Through the use of pharmacological 
inhibitors of pathways downstream of K-RAS, it was demon-
strated that the PI3K and p42/44 MAPK pathways contribute 
to the induction of KLK6 in mutant K-RAS-expressing colon 
cancer cells. Consistent with previous studies, this increase in 
KLK6 expression was associated with increased cell migra-
tion, which was reversed in the presence of siRNAs or KLK6-
specifi c antibodies. This same group  (157)  also reported the 
Caveolin-1 (CAV-1)-mediated expression of KLK6 in colon 
cancer, showing the concomitant decrease in KLK6 mRNA 
and secreated protein expression when HCT116 cells were 
stably transfected with a CAV-1 anti-sense vector. Sucrose 
gradient fractionation revealed that KLK6 is localised to 
CAV-1 containing membrane fractions only when CAV-1 was 
expressed. However, immuoprecipitation analyses showed 
that KLK6 was not directly associated with CAV-1. When 
mutant  SRC  was transfected to be constitutively expressed 
and insensitive to negative regulation, KLK6 secretion was 
also reduced. Finally, investigation into the downstream path-
ways showed that pharmacological inhibition of AKT led to 
reduced KLK6 expression and protein secretion and may be 
the likely mechanism by which CAV-1 infl uences KLK6 gene 
expression. 

 Post-translationally, several mechanisms are in place 
to ensure that enzyme activity is controlled. The inactive 
KLK6 zymogen requires the hydrolysis of the activation 
peptide, resulting in a conformational change of the enzyme 
active site for substrate specifi city. Thus, the activation of 
KLK6, by the aforementioned activators, plays a critical 
role in both normal and disease physiology. Conversely, the 
inactivation of KLK6 may be facilitated by autocatalysis, 
as well as through the actions of protease inhibitors. It has 
been previously mentioned that KLK6 possesses autocata-
lyic abilities  (105, 106, 108) . Using purifi ed recombinant 
pro-KLK6 and synthetic peptides, Blaber et al.  (108)  demon-
strated that the internal KLK6 autolysis loop sequences 
were a far more effi cient substrate target for KLK6 than 
the KLK6 pro-sequences. However, while KLK6 was found 
to activate itself, the level of activation was similar to the 
detection limit of the assay (i.e.,  < 1 % ) and signifi cantly 
less than the activation imparted by enterokinase, plasmin 
and KLK5  (108) . As is the case with many proteases, once 
an enzyme has been activated, the process is irreversible. 
Thus, activated KLKs may be inhibited by endogenous 
serine-protease inhibitors called serpins. Serpins act to 
form complexes, preventing the interaction of the active 
protease with its substrate  (8) . A number of inhibitors of 
KLK6 include, protein-C inhibitor, aprotonin, soybean 
trypsin inhibitor (SBTI), PMSF, leupeptin, antipain, anti-
thrombin III (ATIII),  α  2 -antiplasmin ( α  2 AP),  α  1 -antitrypsin 
(AAT)  (114, 158 – 161)  and  α  1 -antichymotrypsin (ACT), 
which was identifi ed in vivo in cerebral spinal fl uid to com-
plex with KLK6  (161) .  
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 Figure 4    Consequences of dysregulated KLK 6 expression in cancer and neurodegenerative diseases. 
 Experimental evidence discussed in the text implicates KLK6 in many diverse molecular pathways. In cancers, the increase of KLK expression 
can be oncogenic, leading to increases in infl ammation, enhanced signalling and evasion of apoptosis; which can drive cancer progression to 
enhance pathways involved with cellular proliferation, invasion, and metastasis. However, studies in breast cancer indicate a tumour suppressor 
role for KLK6. Loss of KLK6 expression in breast, and possibly renal cancers, results in the loss of this tumour suppressive function, leading to 
cancer progression. For multiple sclerosis, experimental evidence suggests that increased KLK6 levels are associated with infl ammation, which 
can also enhance signalling and evasion of apoptosis for infl ammatory cells with sustained signalling. Loss of KLK6 in the case of AD and PD 
leads to a shift in the normal turnover of neural proteins, leading to increased accumulation of plaque-forming fragments.    

  Role of KLK6 in disease 

 The expression of the  KLK  genes in a variety of tissues  (11)  and 
their proteolytic abilities enable them to participate in a vari-
ety of physiological and pathobiological processes  (3, 5) . The 
observed over-expression or under-expression of KLKs have 
helped to elucidate their role in these cellular processes when the 
normal balance of their expression is shifted. In the following 
sections, we present the experimental evidence linking KLK6 to 
numerous cellular processes and consider the integrative effect 
this could have in the context of diseases, such as cancer or neu-
rodegeneration, which are summarised in Figure  4  . 

  Infl ammation, immunity and skin pathophysiology 

 A number of KLK members have been implicated in the nor-
mal physiological functioning of the skin, which is tightly 
regulated for innate immunity and infl ammation [reviewed by 
Sotiropoulou and Pampalakis  (162) ]. A large body of work has 
shown the role of KLKs in skin desquamation, thus forming the 
basis for their study in various skin disorders  (16, 120, 163) . 

Psoriasis and atopic dermatitis are both chronic infl ammatory 
skin diseases characterised by abnormal keratinocyte prolif-
eration and differentiation. In studies by Kishibe et al.  (15)  
that compared WT and Klk8  – / –   mice in a model for psoria-
sis, Klk8 was found to be an important factor in inducing the 
expression of Klk6 and Klk7 after 12- O -tetradecanoylphor-
bol-13-acetate (TPA) treatment. These fi ndings are consistent 
with earlier observations by Komatsu et al.  (163)  showing 
the increased expression in psoriatic and atopic dermatitis 
patients of KLK6, KLK8 and KLK13 in the stratum corneum, 
stratum granulosum, sebaceous glands, eccrine sweat glands, 
hair follicles and nerves. This increase in proteins, as detected 
by IHC, was associated with increased mRNA expression, 
detected by in situ hybridisation. More specifi cally, elevated 
KLKs were identifi ed in the upper epidermis of psoriasis 
patients; while, in atopic dermatitis patients, KLK expression 
was diffusely expressed through to the lower epidermis. The 
same group  (142)  later investigated the presence of elevated 
KLK levels in the serum and stratum corneum of psoriasis 
patients. KLK6, KLK10 and KLK13 levels were signifi cantly 
elevated, even in the non-lesional stratum corneum of these 
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patients. Serum KLK6, KLK8, KLK10 and KLK13 levels 
in patients with untreated psoriasis signifi cantly correlated 
with Psoriasis Area and Severity Index (PASI) score  (164) . 
Moreover, patients with erythrodermic psoriasis exhibited 
signifi cantly higher serum KLK levels than normal subjects 
or patients with psoriasis vulgaris or arthropathic psoriasis. 
Similar to psoriasis and atopic dermatitis, elevated KLK 
expression, including KLK6, has been identifi ed in Peeling 
Skin Syndrome Type B, a congenital skin disease associated 
with continual skin peeling and ichthyotic erythroderma  (165) , 
implicating a prominent role for the KLKs in the hyperactive 
desquamation associated with such skin disorders. 

 Furthermore, in vitro evidence shows that while KLK7 
can directly induce E-cadherin shedding  (166)  leading to 
enhanced keratinocyte proliferation, migration and wound-
healing associated epithelialisation, KLK6  (74)  can also 
participate in the process. This was supported by in vivo evi-
dence  (74) , through the creation of transgenic mice expressing 
a Klk6-Myc/His fusion protein, showing a highly signifi cant 
increase in the percentage of proliferating cell nuclear antigen 
(PCNA)-positive keratinocytes following wounding. Work by 
Scarisbrick and colleagues  (91, 138, 167)  suggests that KLK6 
drives the dysregulated infl ammatory processes in the CNS, 
as shown by its up-regulation in activated immune cells. 
Indeed, Klk6 shows expression in CD4  +   and CD8  +   T-cells, 
as well as macrophages  (168, 169) . More recently, this group 
 (170)  examined whether KLK6 alters immune cell survival. 
Over-expression of recombinant KLK6 in mouse spleno-
cytes showed no signifi cant change in splenocyte prolifera-
tion after 24 or 72 h, however a dose-dependent reduction 
in the number of cells positive for markers of cell death was 
observed. These observations were strengthened when these 
cells were treated with the death-inducing agents dexametho-
sone, staurosporine or Fas ligand. KLK6-treated Jurkat cells 
also showed similar survival phenotypes and led to the con-
clusion that KLK6 can differentially regulate Bcl-2 signalling 
through the up-regulation of the pro-survival protein, Bcl-XL; 
and inhibition of the pro-apoptotic Bcl-2 family member pro-
tein, Bim. Together these fi ndings strongly endow KLK6 with 
pro-survival activities.  

  Tumourigenesis 

 We already mentioned the observed over-expression of KLK6 
transcript and protein in a variety of cancers, such as ovarian 
carcinomas  (11, 30 – 32, 66, 68, 70, 76, 86, 93 – 96, 124, 130 –
 136) , breast  (66, 97) , uterine  (98) , pancreatic  (99) , colorectal 
 (75, 100, 101) , gastric  (102) , skin  (74) , urinary bladder can-
cers  (103) , gliomas  (127) , lung  (125, 126)  and salivary gland 
tumours  (128) . Focus is now being diverted to revealing the 
details of KLK6 ’ s role in promoting tumourigenesis. 

 The majority of investigations regarding the consequences 
of KLK6 over-epxression have been linked to functions sup-
ported by in vitro studies demonstrating the ability of KLK6 
to degrade fi brinogen and various collagens, which constitute 
the basement membrane  (114, 116) . These fi ndings have sig-
nifi cant implications for tissue remodelling, tumour invasion 
and migration. Indeed, several studies have shown that the 

decrease of KLK6 protein in cancer cell line models, either 
through the use of inhibitors or siRNAs  (75, 101–103) , results 
in the concomitant reduction in invasive potential and cellu-
lar proliferation. The KLK6-siRNA treatment of colon cancer 
cell lines by Kim et al.  (75)  showed a variable decrease in 
cell proliferation, although some cell lines remained similar 
to controls. Down-regulation of matrix metalloprotease-1 
(MMP-1) and MMP-12 were also observed in some cell lines 
treated with siKLK6. Although a study by Prezas et al.  (136)  
showed an increase in tumour burden and invasive potential in 
ovarian cancers transfected with an expression vector induc-
ing KLKs 4–7, it is unclear what level of contribution to the 
observed tumourigenicity each member made. The ectopic 
Klk6 expression, in mouse keratinocyte cell lines by Klucky 
et al.  (74) , induced spindle-like morphology and enhanced 
proliferation, migration and invasive capacity. Furthermore, 
a reduction of E-cadherin protein levels was also detected in 
the cell membrane and of  β -catenin nuclear translocation in 
Klk6-expressing mouse keratinocytes and human HEK293 
cells transfected with a KLK6 expression plasmid. These 
observed changes in E-cadherin were also seen by the strong 
inhibition of the E-cadherin promoter upon exogenous KLK6-
GFP over-expression in transfected colon carcinoma cell lines 
 (75) , strongly suggesting that the secretion of KLK6 contrib-
utes to the down-regulation of E-cadherin. Cell-adhesion 
defects were also observed in the presence of KLK6, which 
were rescued in the presence of inhibitor of metalloprotei-
nase (TIMP)-1 and TIMP-3. Other studies have made similar 
associations between KLK6 expression and aberrant expres-
sion of adhesion and communication molecules. In a study by 
Rezze et al.  (171) , IHC analyses of the adhesion and commu-
nication molecules connexin 43, desmocollin 3, cytokeratin 
5 together with KLK6 and KLK7 in a melanoma progression 
model were investigated and it was found that the expression 
of KLK6 and KLK7 may be responsible for the loss of cell-
cell adhesion. 

 Cell adhesion defects not only characterise morphological 
changes, but mark alterations in other molecular pathways 
including apopotosis and angiogenesis. In keeping with fi ndings 
by Scarisbrick et al.  (170)  describing that the over-expression 
of KLK6 in hematopoietic cells leads to the activation of pro-
survival pathways, Kim et al.  (75)  found that suppression of 
KLK6 was associated with the activation of caspase-8 and 
caspase-3, as well as the up-regulation of p21 cip . Anoikis, 
defi ned as the process by which an anchorage-dependent 
cell undergoes programmed cell death as a result of detach-
ment from the surrounding extracellular matrix  (172, 173) , 
is another affected mechanism by which cancers progress 
to metastatic disease. In a study by Kupferman et al.  (174) , 
anoikis-resistant oral squamous carcinoma cell lines were 
generated under detached growth conditions. cDNA expres-
sion profi ling identifi ed a 6.2-fold increase in KLK6, among 
others, in anoikis-resistant cell lines compared to anoikis-
sensitive cells under detached conditions. Based on these 
fi ndings, this novel association of KLK6 in anti-apoptotic 
pathways should be further investigated. Cancer progression 
also involves the formation of additional vasculature. Aimes 
et al.  (175)  identifi ed the expression of genes, including KLK6, 
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in endothelial cells which appear to be regulated, in part, by 
the nature of the substratum associated with these cells. 

 The role of KLK6 in intracellular signalling has also been 
actively studied in the context of protease-activated receptors 
(PARs)  (117, 176, 178, 179) . PARs 1 – 4 are members of the 
G-protein-coupled family of receptors which are subject to 
activation through the proteolytic cleavage of the receptor 
N-terminal sequence to reveal an activating tethered ligand 
 (180, 181) . These receptors have been implicated in various 
physiological roles, including platelet activation, the modula-
tion of endothelial and vascular smooth muscle cell function, 
infl ammatory responses to joint injury and tumour cell growth 
and metastasis [reviewed by Oikonomopoulou et al.  (182) ]. 
Extensive in vitro work performed by Oikonomopoulou et al. 
 (117, 178, 179)  demonstrated the ability of KLK6, as well 
as other KLK members to cleave the synthetic peptides rep-
resenting the cleavage-activation sequences of PAR1, PAR2 
and PAR4 and either activating or disarming the receptor. 
Calcium signalling was activated by KLKs 5, 6 and 14 in rat 
PAR2-expressing K-RAS transformed kidney (KNRK) cells, 
while calcium signalling in HEK cells co-expressing human 
PAR1 and PAR2 was also triggered by KLK6 through PAR2. 
Although the majority of work points to pathways associ-
ated with infl ammation, cancer investigators are increasingly 
aware of the link and high degree of cross-talk with infl am-
mation  (183 – 185) . Thus, activation of PARs by KLK6 in the 
context of carcinogenesis would feed into known oncogenic 
signalling pathways, such as PI3K and RAS  (186) ; recapitu-
lating recent fi ndings for KLK4 in signalling through PARs 
1 and 2 in prostate cancer  (187 – 189) . More compelling evi-
dence comes from Scarisbrick et al.  (170) , who demonstrated 
the lack in ability of KLK6 to promote survival of splenic 
T-cells derived from PAR1-defi cient mice. 

 Due to the associated over-expression in virtually most 
epithelial cancers, the vast majority of evidence supports an 
oncogenic role for KLK6. However, the original cloning of 
KLK6  (66)  implicated KLK6 as a putative class II tumour sup-
pressor gene due to its loss of expression in metastatic breast 
cancer. Work performed by Pampalakis et al.  (17) , already 
discussed in this review, demonstrated the inactivation of 
KLK6 in metastatic breast cancer due to epigenetic events. 
The functional consequences of such inactivation were further 
investigated to show that KLK6 may have a protective role 
against breast cancer progression by inhibiting the epithelial-
to-mesenchymal transition (EMT). Indeed, stable transfection 
of the non-KLK6 expressing breast cancer cell line, MDA-
MB-231, with a preproKLK6 construct resulted in a reduction 
of cellular proliferation, motility and anchorage-independent 
growth in soft agar. Subsequent proteomic analyses of these 
transfected lines revealed the down-regulation of the mesen-
chymal marker, vimentin; and up-regulation of the epithe-
lial markers cytokeratin 8, cytokeratin 19 and calreticulin; 
indicating a transition back to a more epithelial phenotype. 
When implanted into the mammary fat-pads of SCID mice, 
KLK6-expressing MDA-MB-231 cells showed signifi cant 
inhibition of tumour growth compared to mock-transfected 
and parental cell lines. Interestingly, when clones expressing 
KLK6 at near-physiological conditions for breast tissues (i.e., 

1 – 30 μg/L) were compared to those grossly over-expressing 
KLK6 (i.e.,  > 100 – 400 μg/L), tumours resulting from grossly 
KLK6-over-expressing clones exhibited similarities in size 
and frequency to parental and mock transfected lines by 
the study endpoint. Additionally, in renal cell carcinomas, a 
decrease in KLK6 expression has also been identifi ed in com-
parison to normal kidney  (62, 137, 190) , but found to be gen-
erally higher in high-grade tumours as compared to low-grade 
tumours. These fi ndings stress the functional importance of 
physiological levels and the balance of such expression, since 
data derived from the breast cancer studies suggest that over-
expression resulted in tumour formation consistent with the 
parental line.  

  Neurodegeneration 

 The highest expression of KLK6 in normal tissues is in the 
CNS. The distribution of KLK6 protein expression within the 
different cell types and regions of the brain varies. The high-
est protein expression is seen in the adult spinal cord, brain 
stem, cerebral cortex, choroid plexus and hypothalamus  (90, 
104, 122) . Neurons and glial cells show positivity for KLK 
expression  (90, 104, 191) , with weaker staining of Purkinje 
cells and stellate cells  (122) . Particular interest in the role of 
KLK6 in the brain comes from its identifi cation (as  Zyme ) by 
Little et al.  (71) . As such, its role in both normal and diseased 
brains has been actively pursued. 

 Alzheimer ’ s disease, the most common form of dementia 
 (192, 193) , is characterised by the accumulation of amyloid 
 β  (A β ), a proteolytic fragment of the amyloid precursor pro-
tein (APP)  (194) . Little et al.  (71)  observed in vitro that co-
expression of  KLK6  cDNA with  APP  cDNA in HEK cells 
resulted in an abundance of truncated amyloidogenic frag-
ments, implicating a role for KLK6 in the normal turnover 
of such proteins in the brain. Indeed, compelling evidence 
shows the ability for KLK6 to cleave APP at three sites: one 
at the amino acid outside of the amino terminal end of the A β  
sequence and the other two located within the A β  sequence 
 (71, 112, 114) . Moreover, the proteotyic abilities of KLK6 
against components of the extracellular matrix and perineu-
ronal net appears to help maintain the clearance and turnover 
of the neural microenvironment  (106, 195) . These observa-
tions are in keeping with observations by IHC in normal 
and AD brain sections showing the decreased expression 
of KLK6 in AD brains over controls  (20, 104) . Similarly, 
KLK6 levels in cerebrospinal fl uid, blood and tissues from 
AD patients revealed a similar trend with an average 2-fold 
decrease of KLK6 in brain tissue extracts compared to con-
trols  (139, 140, 191) . Menendez-Gonzalez et al.  (139)  mea-
sured KLK6 plasma levels in 228 healthy individuals and 447 
patients with cognitive symptoms (including AD, mild cogni-
tive impairment, dementia with Lewy bodies or Parkinson’s-
dementia, frontotemporal dementia, Huntington ’ s disease, 
primary progressive aphasia, corticobasal degeneration, 
Creutzfeldt-Jakob ’ s disease or pseudodementia). KLK6 was 
found to increase with age in healthy individuals, but was 
decreased in AD patients, consistent with previous fi ndings in 
brain extracts  (140, 196)  and CSF  (191) . Furthermore, levels 
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of KLK6 in plasma differed signifi cantly between AD and 
Vascular Dementia (VaD) patients, Pseudodementia patients 
and the control group, with no signifi cant differences among 
the other cognitive-impaired symptoms with AD. Closer 
investigation by Ashby et al.  (20)  reported similar fi ndings of 
decreased KLK6 protein and RNA expression in AD patients 
and the increase of KLK6 in patients with VaD. Interestingly, 
positive immunoreactivity was seen in only the normal 
endothelial cells lining blood vessels of the temporal cortex, 
white matter and leptomeninges; and a lack of co-localisation 
between KLK6 and plaques or neurofi brillary tangles. When 
KLK6 protein levels were adjusted for endothelial cell den-
sity, AD patients showed a signifi cant decrease in the frontal 
cortex, although not in the temporal cortex, when compared to 
controls. Among VaD patients, however, a signifi cant 2-fold 
increase was found in the frontal cortex, but not in the tempo-
ral cortex, when compared to controls. This curious fi nding of 
increased KLK6 expression in the blood vessels of the fron-
tal cortex of VaD patients warrants further investigation, as 
there may be relevant connections to KLK6-implicated roles 
in infl ammation and angiogenesis. 

 Like AD, (PD) is also a neurodegenerative disorder but 
is characterised by the accumulation of insoluble α-synu-
clein ( α -synuclein)  (197) . The various reports to date in PD 
are less consistent than those in AD indicating the need for 
more studies to resolve such contradictions. Iwata et al.  (119)  
observed the in vitro degradation of  α -synuclein in HEK-
293 cells, which was dose-dependent when serine protease 
inhibitors and KLK inhibitors were used. It ’ s subcellular 
localisation in the HEK-293 model was identifi ed with mito-
chondrial and microsomal fractions, rather than nuclear or 
cytosolic fractions, which was confi rmed by co-localisation of 
KLK6 with cytochrome C. Interestingly, under stress condi-
tions induced by UV irradiation, KLK6 was released from 
the mitochondria into the cytosol. siRNA experiments also 
showed the increased expression of intact  α -synuclein in 
SH-SY5Y cells. Moreover, KLK6-mediated degradation of 
 α -synuclein also resulted in the inhibition of  α -synuclein 
polymerisation. When proteolytic activity was tested against 
mutant strains of  α -synuclein, KLK6 showed less effi cient 
degradation. The resistance to degradation of mutant or modi-
fi ed forms of  α -synuclein was similarly confi rmed by Kasai 
et al.  (198) , showing that phosphorylated  α -synuclein was 
more resistant to degradation than non-phosphorylated 
α-synuclein. Moreover, the  α -synuclein A30P-mutant, which 
has been linked to familial PD  (199) , was more resistant to 
degradation than the wild-type and other  α -synuclein mutants. 
Interestingly, this is in contradiction to fi ndings by Iwata 
et al.  (119) , who reported similar rates of digestion in the type 
 α -synuclein and the A30P mutant, with the A53T for showing 
greatest resistance to degradation. Other inconsistencies are 
refl ected by the in vitro studies by Tatebe et al.  (200) , who 
demonstrated that prepro-KLK6 localised to the endoplas-
mic reticulum, rather than localisation to the mitochondria as 
reported by Iwata et al.  (119)  using the same cell line system. 
As well, proteolytic activity of KLK6 was limited to extra-
cellular KLK6 and not intracellular KLK6. Co-transfection 
of KLK6 and  α -synuclein into HEK-293 cells showed no 

cleavage of intracellular  α -synuclein, contrary to fi ndings 
by Iwata et al.  (119) , who suggested that  α -synuclein was 
degraded intracellularly by KLK6. As these issues continue 
to be resolved, these studies suggest that the failure of KLK6 
to degrade  α -synuclein contributes to the pathogenesis of PD, 
possibly through the disrupted traffi cking of KLK6  (200) . 

 Unlike AD and PD, KLK6 levels in patients with Multiple 
Sclerosis (MS) are elevated  (91, 138, 167, 170, 201)  and 
linked to infl ammatory pathways. Indeed, several studies 
by Scarisbrick and colleagues  (91, 138, 167, 170)  as well 
as Hebb et al.  (201)  have documented signifi cant increases 
in serum-KLK6 in patients with MS, as well as those expe-
riencing a secondary progressive disease course. MS is a 
neurodegenerative disorder whereby the myelin sheath, that 
protects nerve cells, is damaged. Damage to the myelin sheath 
is driven primarily by infl ammation  (202) . We have already 
eluded to the role of KLK6 in infl ammation above, and many 
of the KLK6-related studies undertaken in MS point to dys-
regulated infl ammatory pathways. Animal models of MS 
have also shown increased KLK6 levels from infi ltrating 
immune cells at the site of CNS infl ammation  (72, 138, 167, 
169) . The KLK6 link to infl ammation is further strengthened 
by the ability of KLK6 to activate PARs, which have key 
roles in driving the infl ammatory process  (117, 170, 176 – 179, 
203) . Vandell et al.  (203)  corroborated the intracellular cal-
cium fl ux by PAR1 in neurons, and by PAR1 and PAR2 in 
astrocytes, but also demonstrated an altered activation state 
of MAPK and AKT. The prolonged survival of infl ammatory 
cells imparted by KLK6, and through altered expression of 
Bcl-2-family members  (170) , reveals a novel mechanism in 
signalling cascades within the CNS. In addition, to its con-
tribution to sustained activation of infl ammatory signalling, 
KLK6 also degrades myelin proteins  (106, 169)  and has been 
detected in elevated levels in infl ammatory demyelinating 
lesions of both viral and autoimmune MS models, as well as 
in MS pathogenic lesions  (72, 168, 169) . 

 With strong evidence to support the hypothesis that KLK6 
plays a role in the homeostasis of the CNS, KLK6 has been 
investigated in mouse models of spinal cord injury. Terayama 
et al.  (204)  observed that, after injury to the mouse spinal cord, 
KLK6 mRNA expression was induced in the white matter in 
the area immediately adjacent to the lesion which peaked 
4 days post-injury and declined over 14 days. In the white 
and gray matter surrounding the lesion, enhanced expression 
of KLK6 mRNA was observed to peak at 4 days and persisted 
over 14 days. Furthermore, Bando et al.  (205)  examined 
experimental oligodendrocytic demyelination and remyelina-
tion in mice, showing that KLK6 mRNA and protein were 
reduced during demyelination and increased during remy-
elination. The observed association of myelin basic protein 
(MBP) with KLK6, in cultured primary oligodendrocytes, 
was strengthened by the inhibition of KLK6 using RNAi that 
resulted in the concomitant reduction of MBP mRNA.  

  Clinical utility 

 The use of KLK3/PSA as a diagnostic and prognostic marker 
in prostate cancer has led to the evaluation of KLK6 as 
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a putative biomarker for many of the neoplasms and dis-
eased states already mentioned in this review. Since KLK6 
is secreted, it has great potential as a biomarker that can be 
evaluated in patient specimens obtained by less invasive 
means, such as blood or urine. The ability to detect KLK6 in 
blood and other biological fl uids has already been discussed. 
To date, the majority of clinical investigations have been per-
formed retrospectively from tissue specimens, with a handful 
also looking at KLK6 levels from paired biological fl uids. 

 In cancer, an overwhelming number of studies show the 
overall increase in KLK6 mRNA and protein expression when 
compared to their respective normal tissues, providing the 
basis for its evaluation across clinical parameters. The vast 
majority of KLK6 cancer-related studies encompass ovarian 
cancer  (30, 70, 94 – 96, 131, 132, 134, 206) . A heterogeneous 
disease, ovarian cancer is classifi ed under four major sub-
types (serous, endometrioid, mucinous and clear cell)  (207) . 
KLK6 appears to be over-expressed across all sub-types  (32, 
95, 96, 133) , with serous and undifferentiated cancers gener-
ally showing greater percentages of cases with KLK6 positiv-
ity  (70, 131) . Currently, the carbohydrate antigen, CA-125, is 
routinely used as a biomaker of ovarian carcinoma, but suf-
fers from the lack of sensitivity for early stage cancers; and 
from the lack of specifi city since other physiological condi-
tions can contribute to elevated CA-125 levels. However, the 
high sensitivity and specifi city for patients with advanced 
stage disease makes CA-125 a more appropriate marker for 
ovarian cancer recurrence detection and monitoring therapy 
 (208, 209) . Nonetheless, a small percentage of cancers fail to 
exhibit elevated CA-125 levels  (209) . The utility of KLK6, in 
this case, was demonstrated by Rosen et al.  (94) , who showed 
that of the approximately 22 %  of ovarian cancers which were 
negative for CA-125 expression, all were positive for other 
markers including KLK6. Along these lines, several stud-
ies have consistently shown that the combination of KLK6 
with CA-125 enhances their individual diagnostic power  (95, 
131, 132, 206) . White et al.  (95)  evaluated the RNA expres-
sion of 106 sporadic cancers, showing an overall improved 
sensitivity from 82 %  to 93 %  for the detection of early staged 
cancer when KLK6 or KLK13 was combined with CA-125. 
The negative predictive value increased from 27 %  to 50 %  
when CA-125 was combined with either KLK. These fi ndings 
are consistent with KLK6 RNA expression studies by Shan 
et al.  (70)  who also showed that KLK6 expression was signifi -
cantly associated with late stage (stage III/IV) disease, higher 
tumour grade, sub-optimal debulking and serous and undif-
ferentiated histotypes. Furthermore, univariate Cox regression 
showed that KLK6-positive patients showed an increased risk 
of relapse and death, in contrast to KLK6-negative patients. 
Progression-free survival (PFS) and overall survival (OS) con-
tinued to be signifi cant with positive KLK6 expression when 
treated as a continuous variable (after logarithmic transforma-
tion). Kaplan-Meier analysis revealed a signifi cant association 
between KLK6 expression status and both progression-free 
survival (PFS) and overall survival (OS); which was in con-
trast to those generated based on CA-125 alone. Tissue KLK6 
protein levels in tumour specimens by Hoffman et al.  (131)  
also showed that patients with KLK6-positive tissues were 

more likely to suffer from progressive disease and die from 
their cancers; and this fi nding was recapitulated in survival 
curves. The value of KLK6 RNA levels to tumour recurrence 
was also investigated by White et al.  (96) , showing that the 
expression levels of KLK6 and KLK13 were signifi cantly 
increased in invasive cancers as compared to normal ovar-
ian tissues. The high expression was also shown to be a poor 
prognostic indicator and indicative of a shorter recurrence-free 
survival. On multivariate analysis, patients with high KLK6 
had a 3-fold chance of recurring than those patients with lower 
KLK6 expression. In contrast to RNA or protein levels, only 
three studies to date have addressed the role of copy number in 
ovarian carcinomas. Bayani et al.  (30, 31)  and others  (32)  have 
demonstrated that the  KLK  locus is subject to copy-number 
changes. In our recent study  (30) , we showed that the  KLK  
locus experiences high genomic instability and copy-number 
heterogeneity which was signifi cantly correlated to tumour 
grade. However, there was no strong correlation between 
copy-number and level of immunoreactivity for KLK6 by 
IHC. Kaplan-Meier curves indicated a trend for better OS and 
PFS for those patients who had a net deletion (one copy) of the 
locus, over those with normal copies (two copies) or those with 
extra copies of the locus. At the protein level, post-translation 
modifi cations of KLK6 have been recently investigated by 
Kuzmanov et al.  (115) . Comparison between CSF-derived 
KLK6 and ovarian cancer ascites-derived KLK6 showed 
modifi cation of the ovarian-derived KLK6 isoform with 
α2-6-linked sialic acid. Although requiring further investiga-
tion, the characterisation and detection of cancer-specifi c iso-
forms could greatly improve cancer detection and monitoring. 
Due to these studies, KLK6 has been included in large ovar-
ian cancer biomarker validation efforts by the Early Detection 
Research network (EDRN) and Specialised Programs of 
Research Excellence (SPORE)  (210, 211) , of which our labo-
ratory participated. Consistent with the previously described 
studies, KLK6 generally performed well, ranking among the 
top 10 – 20 (of 49 markers). Specifi cally, KLK6 ranked 9 th  
across all cases and general population controls in terms of 
sensitivity (95 %  confi dence interval) and 15 th  in Area Under 
the Curve (AUC  –  95 %  confi dence interval). However, for 
early staged cases and general population controls, KLK6 
ranked 29 th  and 28 th  for sensitivity (95 %  confi dence interval) 
and AUC (95 %  confi dence interval), respectively. The results 
of these studies clearly indicate the need for identifying novel 
biomarkers, to be utilised individually and in panels, for both 
early detection and monitoring, since none of the biomarkers 
tested performed any better than CA-125 alone. 

 For other cancers, evaluation of KLK6 against clinical 
outcome and histopathological data has also shown similar 
results. In colon cancer, a comprehensive study of 143 cancers 
by Kim et al.  (75)  showed signifi cantly elevated transcript and 
protein levels between cancerous and paired non-cancerous 
colon tissues. Histologically, KLK6 was strongly expressed 
in adenocarcinomas, but not in the normal mucosa or in pre-
malignant dysplastic lesions. In sera, patients with cancer also 
showed an increase in KLK6 concentration as compared to 
normal controls. When compared by stage, there was no dif-
ference between the levels of expression. Kaplan-Meier curves 
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showed a signifi cant correlation between high KLK6 expres-
sion and shorter OS and PFS as well as greater risk of recur-
rence. KLK6 was signifi cantly associated with lymph node 
status, tumour metastasis and Duke ’ s stage. Similarly, Ogawa 
et al.  (100)  showed that the signifi cant over-expression of 
KLK6 transcripts was associated with serosal invasion, liver 
metastasis, as well as advanced Dukes stage. KLK6 transcript 
levels have also been detected in the circulating tumour cells 
from the peripheral blood of colorectal cancers  (212) , however 
the clinical utility of this method still requires rigorous inves-
tigation. Among gastric cancers, Nagahara et al.  (102)  showed 
that elevated KLK6 transcript levels were signifi cantly associ-
ated with lymphatic invasion and tumour grade, as well as sig-
nifi cantly lower survival rate, as compared to those with lower 
KLK6 transcript expression. In pancreatic ductal adenocarci-
nomas, statistical analysis showed that co-expression of KLK6 
and KLK10 correlated with an R1-resection status and worse 
outcome for OS  (99) . For renal cell carcinomas (RCC), Petraki 
et al.  (190)  performed a comprehensive survey of both normal 
kidney and RCCs, correlating these to tumour size, histologi-
cal type, histological malignancy according to the Fuhrman 
four-grade scale, mitotic index, pathological stage and disease 
survival. KLK6 protein expression by IHC was decreased in 
cancers as compared to the normal kidney. Highly malignant 
RCCs showed greater expression than much lower malignant 
RCCs and the data were statistically signifi cant. A strong posi-
tive correlation with both Robson and TNM (2002) staging was 
seen for KLK6. Kaplan-Meier and univariate Cox regression 
showed that KLK6 expression was negatively correlated with 
disease-specifi c survival. Gabril et al.  (137)  reported detailed 
histopatholgical fi ndings of KLK6 expression among the 
various renal cell carcinoma sub-types. Among clear cell sub-
types, low nuclear grade tumours showed granular cytoplas-
mic and membranous staining with some evidence of nuclear 
immunoreactivity. The papillary sub-type showed strong dif-
fuse cytoplasmic expression with focal apical accentuation. 
In contrast, oncocytomas and chromophobe RCCs showed no 
expression of KLK6 in tumour cells, making KLK6 a potential 
biomarker for distinguishing the different sub-types of RCC. 
The observations by IHC were confi rmed by White et al.  (62) , 
who evaluated the level of KLK6 transcript across the vari-
ous sub-types of RCCs. KLK6 transcripts showed an overall 
decrease across the tumours as compared to paired normal. 

 Finally, the clinical utility KLK6 has great potential for 
neurological disorders, such as AD, PD and MS, as already 
discussed in length above. Thus, more intensive investigation 
is required to unlock the biological relevance of this protease 
and translate this to meaningful information that can benefi t 
the patient.   

  Translational and therapeutic applications 

 In light of the diverse and putative roles to which KLK6 con-
tributes, it is apparent that re-establishing normal physiologi-
cal levels, targeting up- or down-stream pathways, molecules 
or substrates could be effective in managing the disease 
course. It is critical, therefore, to continue investigating all 

facets of this protease. We have already discussed the pos-
sibility that some identifi ed RNA species may not produce 
a protein; or that proteins produced may not be functional. 
It is conceivable that such non-functional isoforms could act 
to sequester partner molecules, such as inhibitors, increasing 
the potential for active enzyme isoforms to access their sub-
strates. Furthermore, transcript heterogeneity detected in both 
normal and diseased specimens should be investigated, as 
the importance of such variants are becoming realised due to 
advances in high-throughput genome technologies. Clearly, 
the observed over- and under-expression of KLK6 has bio-
logical and clinical implications, however very little infor-
mation exists regarding the proportion of immunoreactive 
enzyme that can actively participate in enzymatic reactions. 
With this in mind, Oikonomopoulou et al.  (213)  developed 
a serine proteinase-targeted-activity-based-probe-coupled-to-
antibody capture assay based on previous studies  (214) . This 
enabled the quantifi cation of the proportion of enzymatically 
active KLK6 from CSF and ascites fl uid from ovarian cancer 
patients, in addition to supernatants from cancer cell lines. 
This approach enabled the monitoring of pro-KLK6 conver-
sion to its active enzyme species demonstrating up to 5 %  of 
immunoreactive KLK6 detected in clinical samples represents 
active enzyme. It can be envisioned that improvements in such 
technology could help determine and aid in the modulation 
to physiologically relevant levels, which can have profound 
effects on many down-stream cellular processes (Figure  4 ). 
Similarly, we have seen that the modulation of KLK6 levels 
in vitro using siRNA technologies and alike result in biologi-
cal consequences. Therefore, advancements in targeted gene 
therapy and delivery  (215, 216)  could be applied to enhance 
expression in specifi c tissues. However, most work to date 
focuses on identifying the substrates and inhibitors for KLK6 
as well as the other KLKs  (114, 158 – 161) . No doubt screen-
ing for inhibitors using small molecule and pharmacologi-
cal libraries are currently underway and, once identifi ed and 
comprehensively tested, these will have profound effects on 
all aspects of normal and disease physiology and implications 
on their treatments. Indeed, several patent documents can be 
easily found within the public domain describing the potential 
utility of KLK6 as a biomarker for many of the disease states 
mentioned in this review, making the development of such 
inhibitors a valuable asset.  

  Concluding remarks 

 Since the discovery and characterisation of the human  KLK  
locus just over a decade ago, we are still uncovering the simi-
larity and diversity of the  KLK  family members. In this review 
we attempted to describe the newest fi ndings of one of these 
members. KLK6 has shown to support both oncogenic and 
protective functions; participate in cascade signalling; acti-
vate signal transduction pathways; participate in angiogenesis, 
apoptosis and infl ammatory pathways. The variability of its 
substrates, including components of the basement membrane 
and extraceullular matrix, could play important roles on the 
tissue microenvironment as it relates to normal physiological 
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homeostasis; or in disease progression and metastasis. The 
observed over- or under-expression of either the RNA or pro-
tein across different cancers and diseases qualifi es KLK6 as a 
potentially important clinical biomarker. As we move towards 
personalised medicine, it is evident that the greatest strength 
of this (or other) putative biomarker will be realised in com-
bination with other molecules. With continued improvements 
in the technologies for studying molecular biology, there is no 
doubt that new roles for KLK6 will be elucidated.   
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